The magnetic and quadrupole moments of the vector and axial-vector mesons containing heavy quark are estimated within the light cone sum rules method. Our predictions on magnetic moments for the vector mesons are compared with the results obtained by other approaches. *
I. INTRODUCTION
A study of electromagnetic properties of hadrons plays a crucial role in understanding their inner structure. The magnetic moments are one of the fundamental characteristics of hadrons. The magnetic moments of hadrons are related to their magnetic form factors; more precisely, the magnetic moment is equal to the magnetic form factor at zero momentum square. The magnetic moments of the mesons have not received much interest compared to the baryons except ρ-meson, which have been intensively studied in the literature within different approaches [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The magnetic moments of K * mesons have also been investigated in several works [1- 3, 5, 6, 9, 10] . On the other hand, the magnetic moments of heavy mesons have been calculated only in few works [10, 12, 13] . In the face of this situation, it is timely to study the magnetic moments of heavy vector and axial-vector mesons. It is challenging to measure the magnetic moments of the vector mesons directly since their lifetimes are very short. Even though the indirect measurement is possible [14] , however, it has large uncertainty. It should be noted that with the help of the magnetic dipole transitions M1, in which there exists many experimental data, it is possible to determine the transition magnetic moments of heavy mesons. There are lots of theoretical works, such as quark model [15, 16] , non-relativistic QCD [17] the quark potential model [18] [19] [20] [21] , various relativistic models, the bag model [22] [23] [24] , the light front model [25] [26] [27] , the Bethe-Salpeter equation [28, 29] , QCD sum rules [30] [31] [32] [33] [34] [35] [36] [37] , lattice QCD [38, 39] , chiral model [40] [41] [42] [43] [44] , Nambu-Jona-Lasino model, the dispersion approach, etc. devoted to this subject.
In present work, we calculate the magnetic moments of heavy vector and axial-vector mesons within light cone QCD sum rules (LCSR) [45] . The calculation of the multipole moments for the axial-vector mesons is performed for the first time.
The paper is organized as follows. In section II, we construct the LCSR for multipole moments of heavy vector and axial-vector mesons. The following section is devoted to the numerical analysis of the sum rules for the multipole moments of heavy vector and axialvector mesons. In this section, the obtained results are also compared with predictions of other approaches in the literature. The last section contains a summary and discussions.
II. LIGHT CONE SUM RULES FOR MULTIPOLE MOMENTS
The LCSR for multipole moments of vector (axial-vector) heavy mesons can be obtained by considering the following correlation function
where J µ (x) =q a (x)γ µ Q a (x) is the interpolating current with the quantum numbers of a heavy vector meson and a is the color index. The interpolating current for axial-vector mesons can be obtained from J µ (x) with simple replacement γ µ → γ µ γ 5 . The current j α el (y) = eγ α q + e QQ γ α Q is the electromagnetic current, e q and e Q are the electric charges of the light and heavy mesons, respectively.
The general strategy of QCD sum rules is that the correlation function has to be calculated in different kinematical domains. In one domain, it is saturated by the corresponding heavy vector (axial-vector) mesons, i.e.
In the other domain, where p 2 ≪ 0, (p + q) 2 ≪ 0, the calculation is performed by using the operator product expansion (OPE) in terms of the photon distribution amplitudes (DA's) with an increasing twist. Matching the results of these representations, one can get the desired sum rules for the relevant physical quantities.
The hadronic part of the correlation function can be obtained by inserting a complete set of states carrying the same quantum numbers of the interpolating currents. Isolating the ground state vector mesons, we have
The matrix element 0|J µ |i(p) in Eq. (2) is defined as
where f i is the leptonic decay constant of the corresponding heavy vector mesons and ǫ µ is its polarization vector. Using the parity and time-reversal invariance of the electromagnetic interaction the matrix element of the electromagnetic current between two vector (axialvector) mesons is described in terms of three form-factors as [46] :
where G i are the form factors and Q 2 = −q 2 . The form factors G i (Q 2 ) are related to charge, magnetic and quadrupole multipole form factors in the following way [46] 
where ǫ γ is the photon polarization vector. To derive this expression, the transversality condition qǫ = 0 is used. Now let us turn our attention to the calculation of Eq.(1) from the OPE side. By introducing the electromagnetic background field of a plane wave
the correlation function can be written in the following way;
In this expression, subscript F means that the vacuum expectation value is evaluated in the presence of the background field F µν . The correlation function given in Eq.
(1) can be obtained from Eq. (8) by expanding it in linear powers of F µν . More details about the background field method is given in two excellent reviews [47, 48] .
Using the explicit expressions of the interpolating currents and applying the Wick theorem for the correlation function, we obtain
From this expression, it follows that to calculate the correlation function in the deep Euclidean domain, it is necessary to know the explicit expressions of the light and heavy quark propagators in the presence of the background gluonic and electromagnetic fields. The expressions of these propagators are obtained in [49, 50] .
In light-cone sum rules, the nonperturbative contribution appears when a photon is emitted at long distances. To obtain these contributions, it is necessary to expand the quark propagator near the light cone x 2 = 0. In this case, the following matrix elements of non-local operators in the presence of the external background field needs to be evaluated
where Γ is arbitrary Dirac matrices. These matrix elements are described by photon distribution amplitudes, which were determined in [48] and presented in Appendix A for completeness.
From Eq. (6), it follows that we have numerous structures which can be used to calculate the magnetic and quadrupole moments of heavy vector (axial vector) mesons. We adopt the Borel transformations on the −p 2 and −(p + q) 2 in order to suppress the contributions of higher states and continuum, we get the desired sum rules for the multipole form factors.
Note that the higher states contributions are taken into account by using the quark-hadron duality ansatz.
In result, we get the following sum rules for the charge F c (0), magnetic moment F M (0) and the sum of charge and quadrupole moment form factors at Q 2 = 0 point
Explicit expressions of Π of the MS masses coming from renormalization group equation
Besides the input parameters that are presented in Tables I, sum rules contain two more extra parameters, namely, the continuum threshold s 0 and the Borel mass parameter M 2 .
The domain of M 2 is determined by demanding the standard criteria, namely, both power corrections and continuum contributions should be sufficiently suppressed. The continuum threshold is determined from the condition that the sum rules should reproduce the mass of the ground state mass with 10% accuracy. These conditions are fulfilled in the regions of M 2 , and s 0 presented in Table II . Having specified all input parameters, we are ready to calculate the numerical values of the magnetic and quadrupole moments, i.e. corresponding form-factors at q 2 = 0 point of all considered vector and axial-vector mesons.
In Fig. 1 and Fig. 2 , we presented the dependency of F D * + and F D (0) presented in Table III and IV, respectively.
The uncertainties result from the variation of Borel parameter M 2 , continuum threshold s 0 as well as from uncertainties in input parameters. All uncertainties are taken quadratically. Moreover, for completeness, in Table III , we also present the predictions on the magnetic moment obtained from non-relativistic quark model [51] , Nambu-Jona-Lasino model [10] , bag model [12] expanded bag model [55] , and chiral perturbation theory (ChPT) [56] .
We see that the values of the magnetic moments of D * + and D * + s predicted by the light cone sum rules framework are in good agreement with the other approaches. Once the uncertainties are taken into account, our result on B * 0 s magnetic moment is compatible with the prediction of the chiral perturbation theory. (0.18 ± 0.04) · · · · · · · · · · · · · · · D + 1 (0.90 ± 0.08) · · · · · · · · · · · · · · · D s1 (0.87 ± 0.08) · · · · · · · · · · · · · · · B 0 1 (0.14 ± 0.08) · · · · · · · · · · · · · · · B + 1 (0.60 ± 0.07) · · · · · · · · · · · · · · · B s1 (0.13 ± 0.09) · · · · · · · · · · · · · · · of SU(3) symmetry is about maximum 20%. However, predicitions of chiral perturbation theory [56] leads huge (4-times) violation of SU(3) symmetry which seems highly unnatural.
SU(3) symmetry dictates that, the magnetic moments of D
The difference between our predictions with the other approaches on the magnetic moments can be explained as follows. The main contribution to the magnetic moments in light-cone sum rules results from the perturbative part of the spectral density. The perturbative part schematically can be written as
where numerically A is larger than B. In the charged meson case, e Q − e q is equal to one and for this reason magnetic moment is quite large. However, for the neutral meson case, e Q − e q = 0 and hence, magnetic moment is rather small.
Finally, we would like to emphasize that the magnetic moments of axial-vector heavy mesons are calculated first time to our knowledge. It would be interesting to have results within other approaches for the magnetic moments of these mesons. , which is bizarre. The calculation of these magnetic moments for the axial-vector mesons within other approaches can be very useful for understanding the inner structure of heavy mesons.
Appendix A: Photon Distribution Amplitudes
In this appendix, we present the matrix element of non-local operators in terms of photon distribution amplitudes (DAs) and their explicit expressions.
where χ is the magnetic susceptibility of the quarks, ϕ γ (u) is the leading twist 2, ψ v (u), ψ a (u), A and V are the twist 3 and h γ (u), A, T i (i = 1, 2, 3, 4) are the twist 4 photon distribution amplitudes. The integral measure Dα i is defined as The expressions of the photon DAs which we need in our calculations are [48] : T 1 (α i ) = −120(3ζ 2 + ζ + 2 )(αq − α q )αqα q α g ,
T 3 (α i ) = −120(3ζ 2 − ζ + 2 )(αq − α q )αqα q α g ,
where C m n is the Gegenbauer polynomial. The constants entering the above DAs are adapted from [48] and their values are given in Table V. In this Appendix, we present the explicit expressions of the invariant functions Π 
